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1
Introduction
This document summarises the presentations given at the third annual meeting of the VBSCan COST
action, held in Istanbul in July 20191. The VBSCan action is funded by the Horizon 2020 Framework of
the European Union, and aims at a coordinated effort in the study of Vector-Boson Scattering (VBS) by
involving relevant players in the high-energy physics community.
The first annual meeting of the action, held in Split in 20172, set the ground for the various research
directions that will be followed during the course of the action as it is reported in [1]. The second
meeting, in Thessaloniki (2018)3 showcased the results obtained during the first grant period of the
action, summarised in [2]. The third meeting is devoted to summarise the many goals achieved in the
first half of the action, by theory and experimental collaborations.
This report follows the structure of the action in different working groups (WGs). Three working
groups are devoted to physics (WG1 “Theoretical understanding”, WG2 “Analysis techniques” and WG3
“Experimental techniques”), and two to other matters relevant for the life of the action (WG4 “Knowl-
edge exchange and cross-activities” and WG5 “Inclusiveness policies”). The progress in WG1, WG2
and WG3 will be reported respectively in Chapter 1, 2 and 3. Topics treated in WG1 include the study
of polarised VBS and the parameterisation of the impact of new physics in the VBS domain through the
effective field theory (EFT). For what concerns WG2, the most recent analysis techniques employed by
the ATLAS and CMS collaborations are outlined. Finally WG3 reports on recent experimental measure-
ments performed by the two collaborations, focusing on their interpretation using EFT.
1https://indico.cern.ch/event/808557/
2https://indico.cern.ch/event/629638/
3https://indico.cern.ch/event/706178/
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Chapter 1
Theoretical Understanding
1.1 Polarized Particles with MadGraph5_aMC@NLO§
Measuring the helicity of Standard-Model (SM) particles is an important programme of high energy
physics. Present experimental analyses at colliders require the precise simulation of scattering events
via Monte Carlo (MC) tools, which should include a consistent description of polarized particles in their
frameworks. In light of the current and anticipated performance of LHC experiments, these predictions
should achieve at least up to next-to-leading (NLO) order in QCD (and ideally in electroweak) interac-
tions. Simulations should also be able to describe unstable polarized particles, with the decay products
maintaining the spin correlation of their parent particle’s polarized state. In this report, we present the
implementation of polarized parton scattering in the MadGraph5_aMC@NLO (mg5amc) framework [3, 4].
The mg5amc software suite provides a powerful and flexible framework for simulating fully differential
SM and beyond the SM (BSM) processes with (in principle) arbitrary multiplicities in the final state.
Spin-correlated decays of resonant states are propagated through the MadSpin formalism [5]. For tree-
induced process, simulations are achievable up to NLO in QCD with parton shower (PS) matching via
the MC@NLO formalism [6], and NLO in electroweak (EW) [7]. For loop-induced processes, leading-
order (LO) predictions are automated [8]. Multijet matching is also possible through several LO and
NLO techniques, as are specialized SCET-based resummation computations for color-singlet processes.
The description of polarized states can thus be combined with any of these features in an automatic
fashion¶.
In this report we give a short summary of the mg5amc syntax to simulate polarized states and
briefly discuss two applications. In our conclusions we briefly comment about the discussions that have
taken place in the VBSCan workshop in Istanbul. The detailed description of the implementation and
more applications can be found in Ref. [9]. The capabilities of handling polarization are available inside
MadGraph5_aMC@NLO version 2.7.1 or later.
Implementation and syntax
The syntax pT{X} can be used to specify a polarization X of particle pT in any process generated with
the usual commands of mg5amc. The available values of X depend on the spin of the particle pT and the
mode (explained below) the user wants to run. The available values for X are:
– spin 1/2: L(R) or −(+) for left (right) helicity, and available in all modes.
– spin 1: 0(T ) for longitudinal (transverse) helicities (available in all modes), with +(−) denot-
ing right (left) circular polarization (only available in Mode I, see below). A for auxiliary (only
available in Mode II since it vanishes on-shell).
– spin 3/2: -3, -1, 1, 3. Only available in Mode I.
– spin 2: -2, -1, 0, 1, 2. Only available in Mode I.
The two available modes are:
– Mode I: final state particles.
Only the required polarizations are considered in the calculation of the summed/averaged matrix
element squared.
§speaker: Diogo Buarque Franzosi; authors: Olivier Mattelaer, Richard Ruiz, Sujay Shil
¶The notable exception to this is the production of polarized QCD partons or heavy quarks beyond LO, which requires
similar extension of the parton distribution function, MC@NLO, and PS formalisms to include polarized states.
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– Applicable to particles of spin 1/2, 1, 3/2, and 2.
– Examples:
generate p p > t t~{L}
generate e+{L} e- > w+{0} w-{T}
– Mode II: Unstable particles in the spin-correlated narrow-width approximation.
The propagator is split in the different polarization configurations in the spirit of the implementa-
tion in the Phantom code [10].
– Can be used via the decay chain syntax, e.g.
generate p p > t t~{L}, t~ > b~ w-
generate e+ e- > w+{0} w-{T}, w+ > e+ ve, w- > e- ve~
– Equivalent result can be attained via MadSpin, where the events with decayed particles are
generated a posteriori. E.g.
generate e+ e- > w+{0} w-{T}
and modify madspin_card.dat with
decay w+ > e+ ve
decay w- > e- ve~
– MadSpin will automatically recognize that the produced particles are polarized and modify
the propagators accordingly.
– This mode supports particles of spin 1/2 and 1.
For LO event generation the user can choose the rest frame in which the polarizations are defined.
This can be done via the new me_frame parameter in run_card.dat. This parameter receives a list
of integers associated to the process particles that defines the rest frame where the matrix elements are
evaluated. For instance
[1,2] = me_frame
corresponds to the partonic centre-of-mass frame for the process p1 + p2 → p3 + . . . . At the moment, it
is not possible to define the polarization in the lab frame.
At NLO in QCD only the polarization of QCD neutral particles can be required. Apart from this
restriction, NLO in QCD accuracy can be achieved with the usual syntax with [QCD] appended. e.g.
generate p p > w+ w-{T} [QCD]
High-Energy Vector-Boson Scattering
In models where the Higgs boson is a composite state from a dynamical EW symmetry breaking sector,
the couplings between the Higgs boson and the EW bosons are modified with respect to the SM. This
modification leads to gauge miscancellations between diagrams and the consequent growing behavior
with E2 of the amplitudes of vector boson scattering (VBS) processes. The couplings in this class of
models can be parametrized by the Lagrangian
L ⊃
(
m2Z
2
ZµZ
µ +m2WW
+
µ W
−µ
)(
1 + 2a
h
v
+ · · ·
)
. (1)
We illustrate the BSM features of our implementation by looking at high-energy VBS in composite
Higgs models. Using the described tools, one can enrich specific polarization samples and analyse
in detail distributions of each particular polarization configuration in an exclusive fashion. For that
application we make use of the Higgs Characterization UFO model [11] with the following syntax
import model HC_UFO
generate p p > j j w+{X} w-{Y}
4
SM a = 0.8 CH/SM
Process σ [fb] fλ,λ′ [%] σ [fb] fλ,λ′ [%]
jjW+W− 169.0 100 169.2 100 1.00
jjW+T W
−
T 119.2 70.5 116.4 68.8 0.98
jjW+0 W
−
T 20.6 12.2 21.54 12.7 1.05
jjW+T W
−
0 23.8 14.1 24.06 14.2 1.01
jjW+0 W
−
0 5.45 3.2 7.167 4.2 1.31
Table 1: Total effective cross section after cuts of Eq. (2) for the LO process pp → jjW+W−. Polarizations
defined in the partonic C.M. frame.
output VBSCH_pp-wpXwmY
generate p p > j j w+ w-
output VBSCH_pp-wpwm
where we replace X, Y by all combinations of 0 (longitudinal) and T (transverse). For event generation,
we consider one BSM benchmark scenario a = 0.8 and the SM a = 1, where a is identified with the
model parameter kSM that can be set in param_card.dat. We further apply the following selection cuts
to enhance the VBS topology:
pT (j) > 20 GeV, |η(j)| < 5, m(jj) > 250 GeV, |∆η(jj)| > 2.5,
m(W+W−) > 300 GeV, pT (W
±) > 30 GeV, |η(W±)|2.5 . (2)
In Table 1 we show the effective cross section for each polarization configuration for the composite-
Higgs (CH) scenario (a = 0.8) and the SM. The polarization rates and the ratio between CH and SM are
also shown. As expected, the growing behavior in the (λ
W
+ , λ
W
−) = (0, 0) helicity configuration is a
manifestation of the CH interaction, which results in a 30% increase in the cross section.
The WW -system invariant mass M(WW ) differential cross section is shown in Figure 1. The
different polarization configurations are stacked on top of each other. We can observe again the growing
behavior of the CH case w.r.t. the SM prediction only manifesting in the purely longitudinal scattering.
Polarized di-boson production at NLO in QCD
To illustrate the use of mode II with decayed polarized particles, the NLO-QCD features and parton
shower matching, we show cross sections and distributions for the process
qq¯′ →W±Z, W± → `±ν, Z → τ+τ− . (3)
The syntax for the production of polarized di-bosons at NLO in QCD is
import model loop_sm-lepton_masses
define ww = w+ w-
generate p p > ww{X} z{Y} [QCD]
with X,Y ∈ (0, T ).
The total cross section for different collider energies are reported in Table 2. In the upper panel,
we show the total cross section [pb] at NLO for inclusive, unpolarized pp → W±Z production, with
renormalization (µr) and factorization (µf ) scale variation [%], and NLO in QCD K-factor. In the sub-
sequent rows, we show the same for individual Wλ, Zλ′ polarizations with their fractional contribution
f
NLO (LO)
λ,λ
′ [%] to the total, unpolarized rate at NLO (LO). In the lower panel, we show the same but with
pT (W ), pT (Z) > 200 GeV phase space cuts applied.
5
300 400 500 600 700 800 900 1000
M(WW)[GeV]
1−10
1
/d
M
 [f
b/G
eV
]
σd
unpol.
TT
T0
0T
00
300 400 500 600 700 800 900 1000
M(WW) [GeV]
1
1.5
2
2.5
BS
M
/S
M
Fig. 1: The WW invariant mass spectrum (dσ/dM) for the unpolarized, EW process pp → jjW+λ W−λ′ at LO,
in the SM limit (a = 1.0). On the lower panel the ratio dσCH/dM(WW ) / dσSM/dM(WW ) of the Composite
Higgs scenario with a = 0.8 w.r.t. the SM. Helicity polarization (λ, λ′) are defined in the parton c.m. frame.
√
s 13 TeV 14 TeV 100 TeV
Process σNLO [pb] K fNLO
λ,λ
′ (fLO
λ,λ
′) σNLO [pb] K fNLO
λ,λ
′ (fLO
λ,λ
′) σNLO [pb] K fNLO
λ,λ
′ (fLO
λ,λ
′)
Region I: Inclusive pp→W±λ Zλ′
WZ 44.7+4%−4% 1.59 . . . 50.2
+5%
−5% 1.62 . . . 571
+11%
−12% 2.08 . . .
WTZT 32.4
+4%
−4% 1.51 73% (76%) 35.8
+4%
−4% 1.52 71% (76%) 404
+10%
−11% 1.90 71% (77%)
W0ZT 5.43
+6%
−6% 2.05 12% (9%) 6.05
+6%
−6% 2.07 12% (9%) 72.0
+15%
−15% 3.00 13% (9%)
WTZ0 5.06
+6%
−6% 2.10 11% (9%) 5.63
+6%
−6% 2.12 11% (9%) 67.1
+15%
−15% 3.06 12% (8%)
W0Z0 2.31
+4%
−4% 1.34 5% (6%) 2.52
+4%
−4% 1.34 5% (6%) 23.3
+7%
−10% 1.44 4% (6%)
Region II: pT (W
±), pT (Z) > 200 GeV
WZ 0.531+6%−5% 1.55 . . . 0.617
+6%
−5% 1.60 . . . 16.3
+7%
−7% 2.82 . . .
WTZT 0.409
+8%
−6% 1.72 77% (70%) 0.475
+7%
−6% 1.76 77% (70%) 13.3
+8%
−8% 3.12 82% (74%)
W0ZT 25.6× 10−3 +8%−6% 1.71 5% (4%) 29.5× 10−3 +8%−6% 1.75 5% (4%) 0.882+8%−8% 4.25 5% (4%)
WTZ0 25.3× 10−3 +8%−7% 1.84 5% (4%) 29.8× 10−3 +9%−7% 1.92 5% (4%) 0.902+9%−8% 4.69 6% (3%)
W0Z0 74.6× 10−3 +0.5%−<0.5% 1.01 14% (22%) 83.4× 10−3 +<0.5%−<0.5% 1.00 14% (22%) 1.07+1.5%−1.8% 1.00 7% (19%)
Table 2: Upper: Total cross section [pb] at NLO for inclusive, unpolarization pp→W±Z production, with scale
variation [%], and NLO in QCDK-factor, as well as the same for individualWλ, Zλ′ polarizations along with their
fractional contribution fNLO (LO)
λ,λ
′ [%] at NLO (LO). Lower: Same as upper but with pT (W ), pT (Z) > 200 GeV
phase space cuts applied.
Next we can consider the decay of the bosons via MadSpin, and define the decay channels in
madspin_card.dat via the commands
define ww = w+ w-
decay ww > emu vem
decay z > ta+ ta-
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Fig. 2: Preliminary differential distribution of |∆ΦSS| as (left) LO+PS and (right) NLO+PS.
In this framework, it is possible to access the decay products to perform analyses and plot dif-
ferential distributions. In Figure 2 we show the distributions in the absolute azimuthal separation of the
same-sign dilepton system,
|∆ΦSS| = |φ(τ±)− φ(l±)|, (4)
where l ∈ {e, µ} originates from theW boson decay. The following kinematical cuts have been required
|η`| < 2.4, p`T > 20 GeV, |m(ττ)−MZ | < 10 GeV. (5)
Conclusion
We present a framework within the MadGraph5_aMC@NLO program to deal with polarized states. Here
we give a brief description of the implementation, reporting the syntax and examples. In particular,
we show applications: high energy VBS in composite Higgs models and polarized diboson production
at NLO+PS. There are many other applications of great interest for both the experimental and theo-
retical communities. During the workshop, several discussions took place for the application of the
mg5amc framework to the study of dimension-6 operators sensitive to polarization observables. This is a
path to be pursued in the near future.
1.2 Polarization studies in WZ production at the LHC||
Polarization observables can be useful to get a deeper understanding of the gauge structure of the Stan-
dard Model and to look for new physics effects. In this work we discuss, from a practical point of
||speaker: Le Duc Ninh; authors: Julien Baglio, Emmanuel Sauvan
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view, how polarization observables of a massive gauge boson can be defined. Two observables are pre-
sented and calculated for the case of pp → WZ → 3`ν + X up to the next-to-leading order (NLO)
QCD + electroweak (EW) level, called template-fitted and fiducial polarization fractions. A comparison
with ATLAS simulation and experimental results at a center-of-mass energy of 13 TeV for the case of
the template-fitted fractions is also presented. The EW corrections are calculated using a double-pole
approximation and found to be large.
Introduction
Understanding the polarizations of the gauge bosons in the process pp→W±Z → 3`ν+X is an impor-
tant step towards the understanding of similar effects in vector boson scattering processes V V → V V at
the LHC, V = W,Z. This is because diboson production is the simplest process where the correlations
between the polarizations of the two gauge bosons can be investigated. These correlation observables
can be more sensitive to possible new physics effects in V V → V V scatterings. For example, the double
longitudinal fraction fLL = dσ(VLVL)/dσ(V V ) is interesting, because it is the leading contribution in
the high energy limit (EV →∞).
In the first step, when statistics is still limited, more inclusive observables should be consid-
ered. Therefore, polarizations of one gauge boson, where the polarizations of the other gauge boson
are summed over, have been recently calculated with NLO QCD and EW correction effects taken into
account [12] and have also been measured at ATLAS [13]. However, comparisons between these two
works are not possible as different definitions of polarization observables are used.
In this work we discuss the issue of defining polarization observables of a massive gauge boson
taking into account NLO QCD and EW corrections. The two observables used in those two works are
both considered, called template-fitted [13] and fiducial [12] polarization fractions. For the numerical
results, differently from [12], new results calculated in the modified helicity coordinate system are pre-
sented. For the first time, a comparison to the ATLAS measurement [13] taking into account NLO EW
corrections is also provided. The correlations between the polarizations of the two gauge bosons are not
further addressed and are left for future work.
Defining polarization observables
Polarizations of a massive gauge boson cannot be directly measured in experiments. In practice, we have
to infer them from the angular distribution of its decay product, typically a charged lepton (e or µ). In the
following discussion, we will first discuss this distribution in the context of the process pp → W±Z →
e±µ+µ−ν + X in the double-pole approximation (DPA) and at leading order (LO), where the origin of
a final-state lepton can be traced back to a single intermediate gauge boson. Based on this, polarization
observables for the full process pp→ e±µ+µ−ν +X with off-shell and higher-order corrections effects
taken into account will be defined.
The master equation widely used in the literature reads (see e.g. [14])
dσ
dpVT dy
V dmV dcos θdφ
=
3
16pi
dσ
dpVT dy
V dmV
×
[
(1 + cos2 θ) + Aˆ0
1
2
(1− 3 cos2 θ) + Aˆ1 sin(2θ) cosφ
+ Aˆ2
1
2
sin2 θ cos(2φ) + Aˆ3 sin θ cosφ+ Aˆ4 cos θ
+ Aˆ5 sin
2 θ sin(2φ) + Aˆ6 sin(2θ) sinφ+ Aˆ7 sin θ sinφ
]
, (6)
describing the cos θ-φ angular distribution for every bin in the (pVT , y
V , mV ) space. Here, pVT , y
V , mV
are the transverse momentum, rapidity, and invariant mass of a gauge boson (W orZ), respectively. θ and
8
φ are the polar and azimuthal angles of a charged lepton, determined in a given coordinate system applied
in the rest frame of the gauge boson under consideration. The angular coefficients Aˆi, i = 0, . . . , 7, are
functions of pVT , y
V and mV , but independent of θ and φ.
Integrating over pVT , y
V , mV , we get
dσ
σd cos θdφ
=
3
16pi
[
(1 + cos2 θ) +A0
1
2
(1− 3 cos2 θ) +A1 sin(2θ) cosφ
+A2
1
2
sin2 θ cos(2φ) +A3 sin θ cosφ+A4 cos θ
+A5 sin
2 θ sin(2φ) +A6 sin(2θ) sinφ+A7 sin θ sinφ
]
, (7)
where the integrated angular coefficients Ai depend on the integration range of p
V
T , y
V , mV . We can of
course choose to integrate over two variables (e.g. yV andmV ) to study the dependence on the remaining
variable (pVT ).
Further integrating over φ we obtain, using the index 3 to indicate the electron and 6 the muon,
dσ
σd cos θ3
≡ 3
8
[
(1∓ cos θ3)2fW
±
L + (1± cos θ3)2fW
±
R + 2 sin
2 θ3f
W
±
0
]
, (8)
dσ
σd cos θ6
≡ 3
8
[
(1 + cos2 θ6 + 2c cos θ6)f
Z
L + (1 + cos
2 θ6 − 2c cos θ6)fZR
+ 2 sin2 θ6f
Z
0
]
, (9)
fVL =
1
4
(2−AV0 + dVAV4 ), fVR =
1
4
(2−AV0 − dVAV4 ), fV0 =
1
2
AV0 ,
fVL − fVR =
dV
2
AV4 , dZ =
1
c
, d
W
± = ∓1,
c =
g2L − g2R
g2L + g
2
R
=
1− 4s2W
1− 4s2W + 8s4W
≈ 0.21, s2W = 1−
M2W
M2Z
. (10)
These fractions, satisfying fVL + f
V
R + f
V
0 = 1, depend on the selection cuts on p
V
T , y
V , mV and also on
other cuts on the kinematics of the decay products of the other gauge boson. For example, the values of
fZL,0,R depend not only on the cuts on p
Z
T , y
Z , mZ but also on other cuts on the kinematics of the electron
from the W decay (e.g. pT,e or ηe).
An important condition for Eqs. (6), (7), (8), and (9) to hold is that the phase space of the de-
cay lepton is not restricted. For example, when calculating the polarization fractions of the Z boson,
kinematic cuts on the individual muons such as cuts on p
T,µ
± or η
µ
± are not allowed.
If such a non-restricted (or inclusive) angular distribution dσ/d cos θ is known, the fractions can
be easily calculated using the following projection method,
〈f(θ)〉 =
∫ 1
−1
d cos θf(θ)
1
σ
dσ
d cos θ
, (11)
fW
±
L = −
1
2
∓ 〈cos θ3〉+
5
2
〈cos2 θ3〉, fW
±
R = −
1
2
± 〈cos θ3〉+
5
2
〈cos2 θ3〉,
fW
±
0 = 2− 5〈cos2 θ3〉, (12)
fZL = −
1
2
+
1
c
〈cos θ6〉+
5
2
〈cos2 θ6〉, fZR = −
1
2
− 1
c
〈cos θ6〉+
5
2
〈cos2 θ6〉,
fZ0 = 2− 5〈cos2 θ6〉. (13)
In practice, such a non-restricted angular distribution dσ/d cos θ cannot be measured. Moreover,
the measured distribution dσfid/d cos θ includes also off-shell, interference, and radiative correction ef-
fects. Can the polarization information be extracted from this distribution?
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To this end, we define two polarization observables: template-fitted and fiducial polarization frac-
tions. The template-fitted fractions are calculated by fitting the distribution dσfid/d cos θ using three
templates, as specified in [13]. The results therefore depend on the kinematical cuts as pointed out in the
Table 8.1 of [15] and also on the templates that are used.
Alternatively, one can replace dσ/(σd cos θ) by dσfid/(σfidd cos θ) in the equations (11), (12) and
(13) to define fiducial polarization fractions [12]**. The results depend obviously on the kinematical
cuts.
q¯
q′
W−
W−
Z/γ
e−
ν¯e
µ+
µ−
W−
Z/γ
q¯
q′
q′
a)
b)
e−
ν¯e
µ+
µ−
q¯
q′
W−
e−
ν¯e
µ+
µ−ν¯e
Z Z/γ
q¯
q′
W−
ν¯e
e−
µ+
µ−e−
q¯
q′
W−
µ−
µ+
e−
ν¯eν¯µ
W−
Fig. 3: Leading-order Feynman diagrams showing different origins of a final-state charged lepton.
A word of caution is added here concerning the terminologies, in particular for the “polarization
fractions of a particular massive gauge boson”. The above definitions have made it clear that those
polarization fractions are calculated from the angular distribution of a charged lepton (by using either the
template-fit method or projections). At LO, the lepton, say the muon, can originate from an intermediate
Z, a virtual photon, or even aW as can be seen from Figure 3. Note that there are also interference effects
between these different mechanisms. Calling the results Z polarization fractions is therefore misleading.
However, it can be acceptable as long as kinematic cuts are applied to enhance the dominant Z → µ+µ−
mechanism. For example, the cut
∣∣∣mµ+µ− −MZ∣∣∣ < 10 GeV used in the numerical-result section
reduces most of the γ∗ → µ+µ− contribution and part of the W− → µ−µ+e−ν¯e effect. Similarly, the
electron can be created by different mechanisms W− → e−ν¯e and W− → µ−µ+e−ν¯e, see Figure 3.
Moreover, the polarization fractions depend on the coordinate system where the polar angle θ
is determined. It becomes therefore clear that these polarization observables are process, kinematical-
cuts, and coordinate-system dependent. Their values do not represent any universal property of the
polarization of a massive gauge boson as the names may suggest, but can be nonetheless a useful piece
of information to unravel the polarization structure of the given gauge boson and/or to discover new
physics.
Numerical results
The input parameters are the same as in [12], in particular
√
s = 13 TeV and the scales µR = µF =
(MW +MZ)/2. We will use the ATLAS fiducial cuts defined in [13]:
pT,µ > 15 GeV, pT,e > 20 GeV, |η`| < 2.5,
∆R
(
e, µ±
)
> 0.3, ∆R
(
µ+, µ−
)
> 0.2,∣∣∣mµ+µ− −MZ∣∣∣ < 10 GeV, mT,W > 30 GeV.
(14)
We remark that the ∆R(e, µ±) cut restricts both the phase space of the electron and the muons at the
same time, thereby affecting the polarization fractions of both W and Z bosons. For those cuts and
**These are called projection results in [16].
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also for binning the lepton angular distributions, dressed leptons are used as in [12]. A dressed lepton
momentum is defined as p′` = p` + pγ for ∆R(`, γ) ≡
√
(∆η)2 + (∆φ)2 < 0.1 with p` being the
momentum of the charged lepton after QED final-state radiation.
The key element in the calculation of either the template-fitted or fiducial polarization fractions is
the fiducial distribution dσfid/dcos θ. This has been calculated up to full NLO QCD accuracy using the
VBFNLO program [17, 18]. NLO EW corrections using the DPA presented in [12] are also included. The
important features of this EW calculation are the following:
– The virtual and real corrections to the production part are included;
– The virtual and real corrections to the decays are included;
– The quark-photon induced processes, e.g. qγ →WZq′ → 4lq′, are included;
– The non-factorizable contributions are not included;
– Off-shell effects are not included.
The exact definition of the various corrections and of the non-factorizable contribution are given in [12].
Comparisons between this approximation and the full NLO EW corrections [19] have been presented
in [12, 20], showing very good agreements. For the cos θ distribution needed here, very good agreement
is expected as it has been known that off-shell effects are usually very small for angular distributions and
can be significant only for some transverse momentum or invariant mass distributions [12] (see also [21]
for the case of pp→W+W− → 4 leptons).
In the following, results for all polarization fractions are obtained at NLO QCD (full amplitudes
including off-shell effects) + EW (DPA) using the modified helicity coordinate system, which is similar
to the helicity coordinate system defined in [22]. The only difference is the direction of the z axis:
instead of being the gauge boson flight direction in the laboratory frame as chosen in [22], it is now the
gauge-boson flight direction in the WZ centre-of-mass frame. This modified helicity coordinate system
is also used by ATLAS in [13]. In addition, LO results obtained with the full amplitudes are provided.
Template-fitted polarization fractions
In Tables 3, 4 results for the polarization fractions obtained by fitting the fiducial distribution dσfid/d cos θ
are presented. ††
Method fW
+
0 f
W
+
L − fW
+
R f
Z
0 f
Z
L − fZR
ATLAS data 0.26(8) −0.02(4) 0.27(5) −0.32(21)
ATLAS POWHEG+PYTHIA 0.233(4) 0.091(4) 0.225(4) −0.297(21)
ATLAS MATRIX 0.2448(10) 0.0868(14) 0.2401(14) −0.262(9)
NLO QCD EW 0.244 0.078 0.237 −0.244
NLO QCD 0.241 0.082 0.232 −0.307
LO 0.247 0.126 0.214 −0.472
Table 3: Template-fitted W+ and Z polarization fractions at LO, NLO QCD and NLO QCD+EW in comparison
with ATLAS measurements (data) and simulations (POWHEG+PYTHIA and MATRIX). ATLAS results are taken
from [13].
Our results are obtained from fitting the LO, NLO QCD and NLO QCD + EW distributions us-
ing templates of the dσfid/d cos θ distribution for the three helicity states. The templates are generated
using POWHEG+PYTHIA Monte Carlo events at particle level. POWHEG-BOX v2 [24–27] is used for
††In our talk given at the VBSCan Mid-Term Scientific Meeting [23] they were called inclusive fractions. The word “inclu-
sive” is actually not appropriate as the results depend on the fiducial cuts.
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Method fW
−
0 f
W
−
L − fW
−
R f
Z
0 f
Z
L − fZR
ATLAS data 0.32(9) −0.05(5) 0.21(6) −0.46(25)
ATLAS POWHEG+PYTHIA 0.245(5) −0.063(6) 0.235(5) 0.052(23)
ATLAS MATRIX 0.2651(15) −0.034(4) 0.2389(15) 0.0468(34)
NLO QCD EW 0.259 −0.045 0.236 0.050
NLO QCD 0.257 −0.049 0.232 0.079
LO 0.252 −0.163 0.209 0.063
Table 4: Same as Table 3 but for the W−Z process.
generating the four-lepton hard processes at NLO QCD, while PYTHIA 8.210 [28] is used for the simu-
lation of parton showering, hadronization, and underlying events. Generated events fulfilling kinematic
criteria of Eq. (14) with dressed leptons are selected and used to determine the dσfid/d cos θ template
distributions. ATLAS measurement and simulation results taken from [13] are also shown for the sake
of comparison. We note that the POWHEG+PYTHIA results include NLO QCD corrections in the hard
matrix elements and parton-shower effects, while the MATRIX [29] results are obtained by fitting the
NNLO QCD cos θ distributions using the POWHEG+PYTHIA templates. It is also important to note
that Born-level leptons are used in the ATLAS results, while dressed leptons have to be used in our cal-
culation to ensure infrared (IR) safety in the NLO EW corrections. It was possible for ATLAS to use
Born-level leptons because NLO EW corrections were not included in their simulation.
Correction [%] fW0 f
W
L − fWR fZ0 fZL − fZR
δQCD (W
+
Z) −2.4 −34.9 +8.4 −35.0
δEW (W
+
Z) +1.2 −4.9 2.2 −20.5
δQCD (W
−
Z) +2.0 −69.9 +11.0 +25.4
δEW (W
−
Z) +0.8 −8.2 +1.7 −36.7
Table 5: Relative QCD and EW corrections to the template-fitted polarization fractions. QCD corrections are
compared to the LO results, while EW corrections to the NLO QCD ones.
QCD corrections defined as δQCD = (fNLO QCD−fLO)/fLO and EW corrections δEW = (fNLO QCD EW−
fNLO QCD)/fNLO QCD are shown in Table 5. We observe that the EW corrections are most significant on
fZL − fZR , reaching −21% (-37%) for W+Z (W−Z) channels. This effect comes from the EW cor-
rections to the Z decay into charged leptons as pointed out in [12]. This effect is much larger than the
W case probably because of the following two reasons. The Z boson couples to both left and right-
handed leptons while the W only to left-handed leptons, and there is a cut on the µ+µ− invariant mass.
Final-state QED radiation shifts the peak position, thereby inducing an effect on the Z decay.
Pulls between various theoretical predictions and the ATLAS data are presented in Tables 6 and 7
for theW+Z andW−Z channels, respectively. Theoretical errors are neglected as they are typically one
order of magnitude smaller compared to the experimental errors. We observe that there is a significant
deviation between the SM prediction and the data for the case of fW
+
L − fW
+
R , at the level of 2.5σ at the
next-to-next-to-leading order (NNLO) QCD (ATLAS MATRIX) or NLO QCD + EW accuracy. How-
ever, the relative uncertainty on this measurement is very large, at the level of 200%.
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Pull fW
+
0 f
W
+
L − fW
+
R f
Z
0 f
Z
L − fZR
ATLAS POWHEG+PYTHIA −0.3 +2.8 −0.9 +0.1
ATLAS MATRIX −0.2 +2.7 −0.6 +0.3
NLO QCD EW −0.2 +2.5 −0.7 +0.4
NLO QCD −0.2 +2.6 −0.8 +0.1
LO −0.2 +3.7 −1.1 −0.7
Table 6: Pulls of template-fitted W+ and Z polarization fractions in comparison with ATLAS data, calculated
from Table 3.
Pull fW
−
0 f
W
−
L − fW
−
R f
Z
0 f
Z
L − fZR
ATLAS POWHEG+PYTHIA −0.8 −0.3 +0.4 +2.0
ATLAS MATRIX −0.6 +0.3 +0.5 +2.0
NLO QCD EW −0.7 +0.1 +0.4 +2.0
NLO QCD −0.7 0.0 +0.4 +2.2
LO −0.8 −2.3 0.0 +2.1
Table 7: Same as Table 6 but for the W−Z process.
Fiducial polarization fractions
In Table 8 results for the fiducial polarization fractions obtained by using direct projections of the fiducial
distribution dσfid/d cos θ are presented. Similar results in the helicity and Collins-Soper coordinate sys-
tems have been provided in [12]. We again see that EW corrections are largest for the case of fZL − fZR ,
reaching −32% (-15%) for the W+Z (W−Z) channels, due to the EW corrections to the Z → µ+µ−
decay. To compare these results with data, unfolded angular distributions would be needed. This com-
parison may shed light on the above 2.5σ deviation observed in the template-fitted fractions.
Method fW0 f
W
L − fWR fZ0 fZL − fZR
LO (W+Z) 0.482 0.14 0.429 −0.217
NLO QCD (W+Z) 0.483 0.091 0.441 −0.123
NLO QCD EW (W+Z) 0.485 0.089 0.444 −0.084
LO (W−Z) 0.518 −0.058 0.405 0.108
NLO QCD (W−Z) 0.498 0.05 0.422 0.116
NLO QCD EW (W−Z) 0.498 0.054 0.425 0.099
Table 8: Fiducial W± and Z polarization fractions at LO, NLO QCD and NLO QCD+EW accuracy.
Summary
In this work the issue of defining individual gauge boson polarization observables has been discussed.
Two observables have been defined, template-fitted and fiducial polarization fractions. The template-
fitted fractions are obtained from fitting the fiducial angular distribution of a decay lepton and the NLO
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EW corrections for these fractions are presented here for the first time. The fiducial fractions are con-
structed using projections of this distribution. The fiducial observables are much easier for theorists to
calculate and would be also trivial for experimentalists when particle-level (unfolded) angular distribu-
tions are available.
Results at full NLO QCD accuracy and also at NLO QCD + EW level, where EW corrections are
calculated in the DPA, for the pp→WZ → 3`ν+X process have been provided. It is expected that the
DPA is an excellent approximation for the polarization observables. We have found that EW corrections
are important for fZL,R observables due to radiative decay.
Comparisons with ATLAS data have been provided for the case of template-fitted fractions. Dif-
ferent theoretical predictions at NNLO QCD or NLO QCD + EW accuracy are in good agreement. The
largest deviation compared to the data is about 2.5σ for the fW
+
L − fW
+
R observable, albeit with a huge
error on the data. We think that similar comparisons for the fiducial fractions can help to identify possible
issues. This is currently not possible as measurements for these observables are not available.
For the future, it would be interesting to see whether the fiducial polarization observables are more
sensitive to new physics (e.g. anomalous triple gauge couplings) than the template-fitted ones.
1.3 Multi-parton interactions, Colour Reconnection and Hadronization Effects in Cen-
tral jet veto ‡‡
Status of (N)LO+PS predictions
After the dedicated comparison of fixed-order partonic as well as parton shower matched predictions
in [30], several effects have been understood and NLO+PS predictions at parton level can be seen as well
under control, as long as the hardest two jets are concerned. The third jet is improved by NLO matching,
however differences remain in there, which need to be investigated in a comprehensive study addressing
QCD activity relevant to the central jet veto. Variations of the scales in the hard process and the parton
showering suggest that these predictions are also reliable, and agreeing across different generators at the
level of 10% for observables involving the hard tagging jets and the vector bosons. Similar findings are
currently reported in ongoing studies of VBF Higgs production [31]. In view of a lack of a systematic
expansion within parton shower algorithms, benchmark comparisons between different matching and
parton shower algorithms are vital to establish that the variations we typically consider indeed have
something to do with an estimate of uncertainty in the predictions.
Soft QCD effects and event generator uncertainties
A full simulation of QCD effects in VBS and VBF processes does of course need to comprise the parton-
shower evolution, which performs the resummation of Sudakov logarithms for a large class of observ-
ables, possibly even at the next-to-leading logarithmic level concerning global properties of the final state
such as jet transverse-momentum spectra. If dipole-type algorithms are employed, a resummation of the
leading non-global logarithms in jet vetoes can be expected, at least in the large-N limit, though these
algorithms have known issues themselves.
For a realistic picture, multi-parton interactions (MPI) in between the colliding protons need to be
taken into account, as well as the effect of colour reconnection and hadronization. While we expect a
significant impact of MPI in contaminating the typical VBF/VBS signature by additional central activity
and a change in jet properties, an impact of colour reconnection is not immediately obvious. Its role
might become more important in both the presence of MPI as well as different colour flows in the hard
process contributing to VBS-topology diagrams, or “s-channel” contributions. Evaluating the impact of
these contributions by an on-off exercise will set the typical order of magnitude of variations we can
expect, and indicate effects at the level of 10 to 30 % in typical observables like the third jet rapidity
‡‡speaker: Simon Plätzer
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Fig. 4: Rapidity and p⊥ spectrum of the third jet in VBF Z production. We compare the impact of hadronization,
multi-parton interactions and colour reconnection.
and transverse momentum spectra, see Fig. 4 in the case of the Herwig 7 soft QCD models. In this case
we use VBFNLO interfaced to Herwig via the Matchbox module and matched to the angular ordered
shower. The rapidity of the thirs jet (left) and the transverse momentum of the third jet (right) can
see significant contributions from soft QCD effects such as multi-parton interaction (MPI) and colour
reconnection (colreco).
For a leading-order plus parton-shower (LO+PS) simulation the impact of the models, as well as
variations thereof, will entirely be covered by parton-shower scale variations, notably the hard shower
veto or starting scale, which probes the shower impact in the phase space region of hard emissions. It
is therefore vital to switch to next-to-leading order matched (NLO+PS) simulation which will provide
comparable shower uncertainties along for third jet spectra and the interplay of the shower and model
variations can be quantified in greater detail. First steps in this direction have been undertaken and have
been presented at the MBI Workshop in Thessaloniki [32].
Interplay with VBF approximation and colour mixing
Since the VBF approximation is severely limiting the colour flows which can contribute to the amplitude,
the dynamics of showering as well as colour reconnection subsequently taking place is happening in a
very constrained setting. While this is certainly a valid assumption for a tight VBF selection and observ-
ables mainly concerned with the hard tagging jets and electroweak bosons, the mixing with other colour
structures might be significant for more inclusive selections even if a fixed-order comparison would sig-
nal that the VBF approximation is still acceptable. Details of these physics, and their connection to soft
gluon dynamics have been discussed in great detail at the Vienna workshop [33] and will be followed up
in future work, at least for processes for which a full calculation is available.
1.4 Vector boson polarizations in the fully leptonic WZjj channel at the LHC§§
1.4.a Introduction
In Run 2 CMS and ATLAS have finally produced clear evidence that VBS actually takes place at the
LHC [34–38]. Unfortunately, the statistics is still too small to analyze vector-boson polarizations. The
higher rates which will be available after the Long Shutdown in 2019 and 2020 and later in the High-
Luminosity phase of the LHC will hopefully allow more detailed studies [39]. A polarization analysis
§§speaker: Ezio Maina; authors: Alessandro Ballestrero, Giovanni Pelliccioli
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of VBS nicely complements the large invariant mass VBS study [40–42] and the study of Higgs boson
properties in the effort to fully characterize the EWSB mechanism.
In two recent papers [10, 43], we have shown that it is possible to define, in a simple and natural
way, cross sections corresponding to vector bosons with definite polarization. We have demonstrated
that the sum of polarized cross sections, even in the presence of cuts on the final state leptons, describes
reasonably well the full total cross section and most of the differential distributions. As a consequence,
it is possible to fit the data using single polarized templates and the interference, to extract polarization
fractions.
In the Feynman amplitudes which describe VBS, all information about the vector boson polariza-
tion is confined to the polarization sum in the corresponding propagators.
−gµν + k
µkν
M2
=
4∑
λ=1
εµλ(k)ε
ν
∗
λ (k) . (15)
When squaring the amplitude, the individual polarizations interfere among themselves. These
interference contributions cancel exactly only when an integration over the full azimuth of the decay
products is performed. Because of acceptance cuts, however, cancellations cannot be complete. In the
following, we call single polarized amplitude with polarization λ an amplitude in which the sum on the
left hand side of Eq. (15) is substituted by one of the terms on the right hand side.
In addition, electroweak boson production processes are, in general, described by amplitudes in-
cluding non resonant diagrams, see Figure 5, which cannot be interpreted as production times decay of
any vector boson. These diagrams are essential for gauge invariance and cannot be ignored. For them,
separating polarizations is simply meaningless. In order to obtain an expression which preserves gauge
invariance and is interpretable in terms of vector boson polarization we:
– Drop all non resonant diagrams
– Project on the vector boson mass shell the momentum flowing through the resonant propagators in
the numerator of the diagrams, leaving the denominator untouched.
We refer to [10, 43] for the details.
Following this procedure, the normalized cross section, after integration over the azimuthal angle
of the decay products, can be expressed, in the absence of cuts on decay leptons, as follows:
1
dσ(X)
dX
dσ(θ,X)
d cos θ dX
=
3
8
fL(X)
(
1 + cos2 θ − 2(c
2
L − c2R)
(c2L + c
2
R)
cos θ
)
+
3
8
fR(X)
(
1 + cos2 θ +
2(c2L − c2R)
(c2L − c2R)
cos θ
)
+
3
4
f0(X) sin
2 θ, (16)
where X stands for all additional phase space variables in addition to the decay angle θ and cL, cR are
the weak couplings. Hence, each physical polarization is uniquely associated with a specific angular
distribution of the charged lepton, even when the vector boson is off mass shell.
1.4.b WZ scattering
The WZ channel is strongly sensitive to the EWSB mechanism. The presence of a new resonance
coupling to W and Z bosons or a modified Higgs sector would interfere with the delicate cancellation of
large contributions, enhancing the longitudinal cross section at high energies.
In this section we investigate the phenomenology of polarized W+Z scattering in the fully lep-
tonic decay channel at the LHC@13TeV. All simulations have been performed at parton level with
PHANTOM 1.6 [44, 45], employing NNPDF30_lo_as_0130 PDFs [46], with factorization scale µ =
M4`/
√
2.
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Fig. 5: Sample tree level diagrams for VBS at the LHC. Scattering diagrams (like the rightmost one) are only a
subset of double resonant diagrams.
We have applied the following kinematic cuts: |ηj | < 5; pjt > 20 GeV;Mjj > 500 GeV; |∆ηjj | >
2.5; |M
e
+
e
− −MZ | < 15 GeV; MWZ > 200 GeV. The results presented in Sect. 1.4.d include three
additional cuts: |η`| < 2.5; p`t > 20 GeV; pmisst > 40 GeV. In Sect. 1.4.c the MWZ cut is imposed
directly on the generated, not reconstructed, momenta. In Sect. 1.4.d the cut is applied after neutrino
reconstruction.
1.4.c Single polarized results and their validation in the absence of lepton cuts
In order to verify that polarizations can be separated at the amplitude level while reproducing properly
the full result, we consider the ideal kinematic setup in which no cut on charged leptons and neutrinos is
applied, apart from |M
e
+
e
− −MZ | < 15 GeV and MWZ > 200 GeV.
We select only the W (Z) resonant diagrams (single and double resonant) out of the full set of
contributions. Then we apply the single On-Shell Projection on the W (Z) boson (OSP1-W(Z)), to avoid
any cut on the µ+νµ system invariant mass. We have shown that for Z resonant diagrams, OSP1 has
no visible effect, but, nonetheless, we apply it for consistency. In all the following we will refer to
OSP1-W(Z) projected W (Z) resonant calculation simply as resonant calculation.
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Fig. 6: W+Z scattering: cos θ
µ
+ distributions for a polarized W+, in the region MWZ > 200 GeV (left), and
polarization fractions as functions of MWZ (right). Comparison between Monte Carlo distributions and results
extracted from the full cos θ
µ
+ distribution by projecting into the first three Legendre polynomials. No lepton cuts,
no neutrino reconstruction.
The total cross section computed with full matrix elements is 486.4(2) ab. The unpolarized OSP1-
W resonant result is only 0.2% smaller. Similarly, the OSP1-Z resonant computation underestimates by
0.7% the full result. Differential distributions are also in good agreement. Discrepancies are smaller than
2% bin by bin.
We then separate the polarizations of the W+ boson. In Figure 6(a) we consider the cos θ
µ
+
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distributions in the full MWZ > 200 GeV range in the absence of lepton cuts and without neutrino
reconstruction.
The distributions obtained with polarized amplitudes (red, blue and dark green, for longitudinal,
left and right polarization, respectively) are compared with the components extracted from the full dis-
tribution (magenta, azure and light green) by projecting onto the first three Legendre polynomials. The
agreement is very good: both the normalization and the quadratic dependence on cos θ
µ
+ is perfectly
reproduced for each polarization state. Very similar conclusions can be drawn when separating the po-
larization of the Z boson.
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Fig. 7: W+Z scattering: differential cross sections for a polarized W+ boson, in the presence of lepton cuts and
neutrino reconstruction. We show the full result (black), the single polarized distributions (red: longitudinal, blue:
left handed, green: right handed) and the incoherent sum of the polarized results (violet). The pull plot shows the
ratio of the sum of polarized distributions to the full one.
1.4.d Effects of lepton cuts and neutrino reconstruction on polarized distributions
In this section we present polarized differential distributions in the presence of lepton cuts and neutrino
reconstruction for a number of relevant kinematic variables. The specific neutrino reconstruction scheme
that is applied in the following (CoM + transvMlv) is described in ref. [43].
We start from the total cross section. In order to evaluate separately the effect of dropping the
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non resonant diagrams and the effect of neglecting interferences among different polarization modes, we
have computed the cross section with the full matrix element and with OSP1-W(Z) projected resonant
diagrams. The difference between these two results provides an estimate of non resonant effects. The
difference between the resonant unpolarized cross section and the sum of the single polarized ones (either
for a polarized W+ or for a polarized Z) provides an estimate of the interference among polarizations,
which is non zero because of the leptonic cuts. Numerical results are shown in Tab. 9.
Total cross sections [ab]
polarized W+ polarized Z
longitudinal (res. OSP1) 33.21(3) 42.56(3)
left handed (res. OSP1) 96.31(8) 76.87(6)
right handed (res. OSP1) 30.93(2) 40.54(3)
sum of polarized 160.45(9) 159.97(8)
unpolarized (res. OSP1) 164.2(2 ) 164.0(2)
non res. effects 0.9(2) 1.1(2)
pol. interferences 3.8(2) 4.0(2)
full 165.1(1) 165.1(1)
Table 9: Polarized and unpolarized total cross sections (ab) for W+Z scattering in the fiducial region.
The resonant unpolarized calculation has been performed selecting single W (Z) resonant dia-
grams, and then applying the corresponding single On Shell projection. In both cases non resonant
effects are smaller than 1% , implying that the resonant approximation works rather well. Interference
among polarization states amounts to 2.5% .
Concerning polarized total cross sections, the W+ is mainly left handed (58.3%), while the lon-
gitudinal and right handed contributions are of the same order of magnitude (20.1% and 18.7%, respec-
tively). For the Z boson, the left polarization is again the largest (46.6%) while the longitudinal and right
components account respectively for 25.8% and 24.6%.
In Figure 7 we present differential distributions for a polarized W+ boson for a variety of kine-
matic variables, which provide a more detailed description of the polarized signals. For each variable,
we show single polarized distributions, their incoherent sum, and the distribution of the full result. The
colour code is as follows: the full result is in black; the longitudinal, left and right single polarized dis-
tributions are in red blue and green respectively; the incoherent sum of the polarized results is in violet.
Pull plots show the bin by bin ratio of the incoherent sum of polarized distributions to the full one.
Figure 7(a) presents the distribution of the invariant mass of the four leptons. The interference and
non-resonant effects account for less than 5% of the full result (bin by bin) in the whole W+Z invariant
mass spectrum. The longitudinal fraction decreases rapidly with increasing energy. The left handed
component is the largest one over the whole range.
The angular distributions in cos θ
µ
+ are strongly affected by the neutrino reconstruction and the
lepton cuts, as can be seen comparing Figure 6(a) with Figure 7(b). The difference is mainly due to the pt
cuts on the muon and the corresponding neutrino, which deplete the peaks at θ
µ
+ = 0, pi of the transverse
modes and make the longitudinal shape asymmetric. The sum of polarized distributions underestimates
the full result by about 5%, except for the regions of rapid change.
In Figure 7(c) we show distributions of the reconstructed W+ pseudorapidity. Neutrino recon-
struction leads to a marked depletion of the central region. Interferences and non-resonant effects account
for less than 6% of the full result over all the pseudorapidity range, apart from the central bin where they
reach 10%.
The muon transverse momentum distribution (Figure 7(d)) is minimally affected by neutrino re-
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construction. The longitudinal component is of the same order of magnitude as the left handed one for pt
values slightly above the cut, while for large values it decreases faster than the transverse distributions.
For pµ
+
t > 160 GeV the right handed component becomes larger than the left handed one. Interferences
are small over the full range.
1.4.e Polarized amplitudes and reweighting approach
Reweighting is an approximate procedure which has been widely used by experimental collaborations to
obtain polarized samples, starting from unpolarized Monte Carlo events. In this section we evaluate how
well the reweighting method can separate polarized samples and describe polarized distributions in the
case of W+Z scattering, by comparing its results with those presented in Sect. 1.4.b, which have been
obtained using polarized amplitudes computed by the Monte Carlo.
Let us consider a generic process which involves a W+ boson decaying into leptons (similar
considerations apply to the Z). The reweighting procedure is based on the partition of the W+-boson
phase space in two dimensional {pt, η} regions. In the absence of lepton cuts and neutrino reconstruction,
polarization fractions f (i)0 , f
(i)
L , and f
(i)
R are computed in each {pWt , ηW } region i, expanding the full,
unpolarized cos θ
µ
+ distribution in Legendre polynomials. For each event in region i with cos θ
µ
+ = x,
three weights are computed,
w0,L,R =
1
σ
dσ
dx
∣∣∣
0,L,R
3
4(1− x2)f
(i)
0 +
3
8(1− x)2f
(i)
L + +
3
8(1 + x)
2f
(i)
R
(17)
where,
1
σ
dσ
dx
∣∣∣
0
=
3
4
(1− x2)f (i)0 ,
1
σ
dσ
dx
∣∣∣
L/R
=
3
8
(1∓ x)2f (i)L/R .
The event is assigned to the longitudinal, left or right polarized sample with probabilityw0, wL, wR. The
three samples are then analyzed separately, applying lepton cuts and performing neutrino reconstruction.
We have applied the reweighting method to pp→ jje+e−µ+νµ. In the absence of lepton cuts and
neutrino reconstruction (see Sect. 1.4.c), we have computed polarization fractions for the full process
with the following partitioning of the {pWt , ηW } phase space:
- pWt < 30 GeV, 30 GeV < p
W
t < 60 GeV, 60 GeV < p
W
t < 90 GeV, p
W
t > 90 GeV;
- |ηW | < 1, 1 < |ηW | < 2, 2 < |ηW | < 3, |ηW | > 3.
In each region, we have separated the full unpolarized sample into three polarized samples, using the
algorithm described above. Then we have applied the full set of leptonic cuts and performed neutrino re-
construction, obtaining approximate polarized distributions which can be compared with those presented
in Sect. 1.4.d. We have compared total cross sections (Tab. 10) and reconstructed cos θ
µ
+ differential
distributions (Figs. 8, 9).
In the whole fiducial region (MWZ > 200 GeV), the left polarized cos θµ+ distribution obtained
with the reweighting procedure describes fairly well the analogous distribution obtained with polarized
amplitudes, both in total cross section and in shape (σ−1 dσ(X)/dX). On the contrary, the longitudinal
total cross section is overestimated by 23% and the right polarized cross section is underestimated by
10%, as shown in Tab. 10. Even larger discrepancies show up when analyzing the cos θ
µ
+ differential
cross section and shape (Fig. 8).
It is important to observe that the sum of the three cross sections obtained with polarized ampli-
tudes (central column of Tab. 10), is not equal to the full unpolarized cross section, since the interfer-
ences among polarizations account for 5% of the full result. Interferences are completely neglected in
the reweighting method (rightmost column of Tab. 10). As a consequence, the sum of the three polarized
cross sections is, by construction, equal to the full unpolarized one.
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polarization MC polarized Reweighting
MWZ > 200 GeV
longit. 33.21(3) 41.02(3)
left 96.31(8) 95.97(2)
right 30.93(2) 27.87(3)
MWZ > 500 GeV
longit. 5.96(2) 9.94(4)
left 28.38(3) 25.49(3)
right 9.06(3) 8.13(3)
Table 10: Polarized total cross sections (ab) for W+Z scattering in the region MWZ > 200 GeV and MWZ >
500 GeV: results of the reweighting procedure compared with results of the MC calculation with polarized ampli-
tudes. The full set of cuts and neutrino reconstruction are understood.
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Fig. 8: W+Z scattering: polarized cos θ
µ
+ distributions in the region MWZ > 200 GeV. Results of the reweight-
ing procedure compared with results of the MC calculation with polarized amplitudes. The full set of cuts and
neutrino reconstruction are understood.
The inaccuracy of the reweighting procedure becomes even more evident at high energies, as
Fig. 9 and Tab. 10 show. For MWZ > 500 GeV, the reweighting predictions are absolutely unreliable.
In particular, the longitudinal cross section is overestimated by 70%, and the corresponding cos θ
µ
+
shape is other than the Monte Carlo polarized prediction. At large diboson masses, the polarization
interferences are smaller than at lower masses, however neglecting them contributes to the low precision
of the reweighting method.
The main bottleneck of the reweighting procedure is represented by the phase-space dependence
of the polarization fractions. In the absence of lepton cuts, each polarization gives the same lepton
angular distribution in the W rest frame in any phase space point. However, the relative weight of the
three polarizations varies from point to point. When assigning a polarization state to a single event,
the reweighting procedure assigns to each event belonging to a {pWt , ηW } cell the average weight over
the whole region. As a consequence, the reweighting method is not capable of reproducing the correct
dependence on kinematic variables different from cos θ
`
+ .
To show that this is the case even in the absence of lepton cuts and neutrino reconstruction, we
have compared, in the region 60 GeV < pWt < 90 GeV, 1 < |ηW | < 2, the longitudinal, left, and right
distributions obtained from reweighting with those computed directly with polarized amplitudes, for a
number of variables that do not depend on the decay products of the polarized W+. In Fig. 10, we show
the normalized distributions of the rapidity difference between the two tagging jets. The polarized shapes
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Fig. 9: W+Z scattering: polarized cos θ
µ
+ distributions in the region MWZ > 500 GeV. Results of the reweight-
ing procedure compared with results of the MC calculation with polarized amplitudes. The full set of cuts and
neutrino reconstruction are understood.
on the left, obtained with polarized amplitudes, are clearly different from each other: the longitudinal
one is peaked at a smaller value of |∆ηjj | than the two transverse components, and decreases faster in the
distribution tail. The analogous polarized shapes from reweighting, on the right of Fig. 10, are similar to
each other, confirming that, even when considering a small {pWt , ηW } region, reweighting corresponds
to averaging on the dependence on other variables, washing out the differences, even in the absence of
leptonic cuts.
This becomes even more problematic when lepton cuts are imposed on the polarized samples,
since selection cuts have different effects on different polarizations. The conceptual issue is that the
polarized samples are obtained without lepton cuts, and then are analyzed in the presence of cuts. The
computation of polarization fractions and the application of lepton cuts are non commuting procedures.
Notice that the correct description of all kinematic variables is mandatory for a Multi Variate Analysis.
We have shown that the reweighting method to separate an unpolarized event sample into three
polarized samples provides only approximate predictions, which can be quite far from being accurate,
particularly at high energies. Therefore it would be better, both for phenomenological and for experi-
mental analyses, to produce polarized event samples employing directly polarized amplitudes.
1.4.f Extracting polarization fractions
In this section we investigate the possibility of extracting polarization fractions from VBS events without
prior knowledge of the underlying dynamics. We consider a Standard Model with no Higgs boson, i.e.
Mh →∞, as instance of BSM theories.
Polarization fractions are determined with two different methods. The first one relies on the expec-
tation that the shapes of the decay angular distributions are not too sensitive to the underlying dynamics.
If this is the case, one can fit the unpolarized distribution of a BSM model with a superposition of SM
templates, as done in Ref. [10]. The second exploits the similarity, in shape and normalization, of the
transverse distributions across different models, which allows to extract the longitudinal component by
subtracting the SM transverse contribution. Both methods give acceptable results within a few per-
cent. The difference between the two determinations provides a rough estimate of the uncertainty in the
extraction procedure. All the results have been obtained applying the complete set of cuts. Neutrino
reconstruction is always implied.
In Section 1.4.b we have considered left and right contributions separately. If we consider the
coherent sum of left and right polarizations (which we refer to as transverse), we include the left-right
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Fig. 10: W+Z scattering: |∆ηjj |, ηZ , pj1t normalized distributions for a polarized W+, obtained with polarized
amplitudes (left side) and with the reweighting procedure (right side), in the region 60 GeV<pWt <90 GeV, 1<
|ηW |<2, in the absence of lepton cuts and without neutrino reconstruction.
interference term. Therefore, separating only the longitudinal from the transverse mode is expected to
minimize the total interferences among different polarizations.
In Fig. 11(b), we present the cos θ
e
− distributions for a polarized Z boson in association with an
unpolarized W+. At large boson invariant mass, the longitudinal component in the Higgsless model
dominates. The transverse components are almost identical, even at very large four lepton invariant
masses, both in shape and cross section.
Both the fit and the subtraction procedure provide longitudinal cross sections for the Higgsless
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Fig. 11: W+Z scattering: comparison of Standard Model (solid) and Higgsless model (dashed) distributions in
MWZ and cos θe− . Polarized distributions concern the Z boson. The full set of kinematic cuts is understood,
including lepton and missing transverse momentum cuts, as well as neutrino reconstruction.
model which differ from the Monte Carlo expectations by less than 5%, in all studied kinematic regions.
Numerical results for extracted longitudinal and transverse cross sections are shown in Tab. 11. Fitted
and expected distributions are shown in Fig. 12, in two specific kinematic regions.
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Fig. 12: W+Z scattering: fit of Higgsless unpolarized cos θ
e
− distributions with SM templates, in two different
kinematic regions (large mass and large pt). For the longitudinal component the result of the fit (magenta) and the
one of the subtraction technique (orange) are compared with the Monte Carlo expectation (dashed red).
As a general trend, the subtraction procedure overestimates by a few percent the expected values.
On the contrary, the fit procedure underestimates by few percent the expected longitudinal cross section
in the various kinematic regions. This results in a very mild enhancement of the transverse component
(see azure and cyan curve in Fig. 12).
In the large invariant mass (MWZ > 1000 GeV), large pt (p
Z
t > 400 GeV), and forward rapidity
(|ηZ | > 2) region the subtraction procedure reproduces very well the Monte Carlo expected longitudinal
cross sections.
1.4.g Conclusions
In this note we have presented a procedure to separate polarization states of massive weak bosons in
WZjj VBS processes. We have shown that with a sufficiently tight cut on the invariant mass of charged
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Polarized cross sections [ab]
Longitudinal Transverse
kinematic region MC Fit Subtr. MC Fit Subtr.
MWZ > 200 GeV 56.27 54.88 57.75 122.24 124.46 120.96
MWZ > 500 GeV 18.35 17.59 18.63 35.46 36.30 35.26
MWZ > 1000 GeV 4.90 4.73 4.91 5.37 5.54 5.39
Table 11: Cross sections (ab) for a longitudinal and transverse Z in W+Z scattering, in the Higgsless model, in
several kinematic regions: comparison of MC predictions for the Higgsless model with results obtained via fit and
subtraction procedure. The subtraction procedure results for a transverse Z coincide with the SM cross sections.
lepton pairs around the Z pole and a single on-shell projection (OSP1) on W resonant diagrams, the
signal for a polarized W and Z reproduces accurately the results that can be extracted from full cos θ`
distributions by means of projections onto the first three Legendre polynomials, in the absence of lepton
cuts. After applying a realistic set of leptonic cuts, the sum of polarized signals reproduces the full
unpolarized results within a few percent. The proposed method provides reliable results in the Standard
Model.
The reweighting method, which has been widely used to determine approximate polarized signals
in presence of lepton cuts [47–51], provides inaccurate predictions particularly at high diboson invariant
mass.
Our results suggest that it will be possible to estimate, with reasonable accuracy, polarization
fractions in VBS at the LHC by using Standard-Model angular distributions, even in the presence of new
physics.
1.5 Simplified Models for New Physics Coupled to Transverse Vector Bosons¶¶
As the first two runs of the LHC have not been revealing any signal of new physics beyond the Standard
Model (BSM), many searches have been focusing on setting limits on coefficients in a setup as model-
independent as possible. Any deviation from the SM induced by heavy new physics (i.e. without any
new particle at the electroweak scale or slightly above) can be formulated in the SM effective field theory
(SMEFT). The SMEFT consists of the SM with its dim-2 and dim-4 operators together with a whole
tower of higher-dimensional operators built from the SM fields obeying the gauge symmetries of the SM
(there are variations regarding the assumptions on the flavour structure). Consistency of measurements
at the LHC (or future colliders) with the SM within their statistical and systematic uncertainties then
translates into bounds on the operator coefficients. The most sensitive processes are diboson production
and the Higgs measurements where deviations by dim-6 operators dominate. They also play a role
in vector-boson scattering (VBS) and triple boson production, however, there dimension-8 operators
give the dominating effects for parameters that cannot be measured in simpler processes like dibosons.
The size of the effects also depends on the type of new physics, where loop corrections from weakly
coupled models yield dominating dim-6 operators while new (strongly coupled) resonances lead to dim-
8 operators when integrated out.
Energy-frontier measurements at the LHC like VBS are not necessarily tailor-made applications
of EFT expansions, as the parton density functions (PDFs) effectively scan over a wide range of effective
collision energies. This effect gets enhanced by the effect that the diboson invariant mass systems can
only be fully reconstructed for the leptonic (or semi-leptonic) ZZ channel or the fully hadronic WW
channel. VBS processes are among the rarest SM processes to be probed at the LHC and hence severely
statistics limited (originally, at the SSC collider 40 TeV had been foreseen for this measurement). This
leads to the scylla and charybdis between operator coefficients that are too small to be experimentally
¶¶speaker: Jürgen Reuter; authors: Simon Brass, Wolfgang Kilian
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Fig. 13: New physics effects from different transverse operators in VBS: left column: pp → jjW+W+, right
column pp → ZZjj (top), pp → HHjj (bottom). In the upper row, deviations are from mixed operators
LLM,7 and LLM,0, in the lower row, from LLT,0 and LLM,0, respectively. Black lines are the SM distributions,
dashed lines are the naive SMEFT results, and full colored lines are unitarized results. The value for the operator
coefficients are in TeV−4.
visible or too large to lie within the validity range of the EFT expansion. Amplitudes with dim-8 devi-
ations from the SM grow quadratically with energy and lead easily to violation of perturbative unitarity
using such a naive signal model. This has been e.g. studied in [52] for the electroweak chiral Lagrangian
and after the Higgs discovery [53] within the linearized EFT in the Warsaw basis [54]. In Fig. 13, we
show the effects on the invariant mass spectra of the diboson system in VBS from the mixed operators
LM,0 = −g2FM0 tr
[
(DµH)
†(DµH)
]
tr
[
WνρW
νρ]
LM,7 = −g2FM7 tr
[
(DµH)
†WνρW
νµ(DρH)
]
and the transversal operator
LT0 = g
4FT0 tr
[
WµνW
µν] tr [WαβWαβ] .
For the complete list of longitudinal, mixed and transverse operators for VBS processes, we refer to [55].
First of all, as in the SMEFT setup the Higgs is an electroweak doublet, it has to be considered together
with the longitudinal states to construct complete SU(2) tensor product representations for the diboson
system. This can be seen in the lower right. SM predictions are in black, dashed lines are naive SMEFT
distributions, and full coloured lines are using T matrix unitarization [53,56]. This unitarization method
saturates the bound from perturbative unitarity and hence gives bin per bin the maximal number of
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Fig. 14: Simplified models with a broad tensor resonance coupled to longitudinal EW bosons (left) and a relatively
narrow scalar resonance coupled to transversal EW bosons (right).
events that are possible in any quantum field theory described by a unitarity S matrix. Note that also
resonance peaks are not allowed to exceed these lines. Similar studies have also been performed for
future high-energy e+e− colliders, for the EW chiral Lagrangian [57] and for SMEFT [58], respectively.
Simulations have been performed using the WHIZARD event generator [59]. From the plots in [53] and
here it is obvious that the SM curves for longitudinal final states are much closer to the unitarity bound
than for mixed and transversal operators. Turning the argument around, this means that there is a lot
more space for new physics excesses than in the longitudinal modes, which are anyway much harder to
discriminate from the transversal SM background. Of course, to achieve sensitivity in the tails of the
distributions (in the overflow bins), a precise knowledge of the SM distributions including higher order
QCD and electroweak corrections is necessary. These predictions have been studied in [30, 60, 61].
As mentioned above, setting meaningful limits on these operator coefficients from the overflow
bins, is a hard task given the limited amount of data and the constraints from perturbative unitarity. A
less model-independent approach is to consider simplified models that describe possible resonances in
the diboson sector. From spin and isospin selection rules, only scalars, vectors and tensors can couple
to the diboson system, which can occur as isoscalars, isovectors and isotensors. Vector resonances are
theoretically more involved as they can mix with the electroweak gauge bosons (at least after electroweak
symmetry breaking). Fig. 14 compares resonances coupled to longitudinal EW bosons which may be-
come rather broad (left) and resonances coupled exclusively to transversal bosons (right). The resonance
on the left is a tensor resonance, the one on the right a scalar resonance. While it is obvious that the
resonance coupled to transversal EW can be properly described in any finite truncation of the EFT de-
scription, the broad tensor resonance resembles at least in the low-energy tails the EFT description with
the resonance being integrated out and looks like a mismatch in normalization in the overflow bin at
the "peak" of the resonance. Note that also the simplified models need to be scrutinized regarding their
unitarity constraints as the SM together with single EW resonances is not necessarily a UV-complete
renormalizable model which could violate perturbative unitarity. Simplified models have only two in-
dependent parameters, either the mass and width of the resonance, or the mass and its coupling to EW
bosons. They allow for a more sophisticated signal model in searches for new physics effects in VBS
and multi-boson production.
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Chapter 2
Analysis Techniques
2.1 Recent ATLAS results in Vector-Boson Scattering***
2.1.a Introduction
Vector boson scattering (VBS) is amongst the rarest processes currently accessible experimentally at the
Large Hadron Collider (LHC). The ATLAS experiment [62] at the LHC has studied VBS in pp collision
data corresponding to 36.1 fb−1 at
√
s = 13 TeV by measuring the electroweak production of W±W±
and WZ bosons, with the W and Z bosons decaying to leptons, as well as the electroweak production of
V V (V = W,Z) bosons, with one gauge boson decaying to leptons and the other decaying hadronically.
At Born level, the electroweak production does not involve the exchange of colour between partons
leading to the experimental signature of two high energy jets with large rapidity separation produced in
association with the gauge-boson pair.
At the LHC, two gauge bosons in association with two jets can also be produced in mixed strong
and electroweak interactions. Interference effects between electroweak and strong production are typ-
ically assigned as a systematic uncertainty in the electroweak production, and results of electroweak
production, hence, depend on the assumptions made in the theoretical predictions. Such dependencies
are reduced when combined electroweak and strong production cross sections are reported.
2.1.b Observation of electroweak W±W±jj production
The W±W±jj process has the largest ratio of electroweak to strong production processes since strong
production diagrams are heavily suppressed compared to other diboson processes, e.g. gluon initiated
diagrams are absent at leading order QCD. Also, purely electroweak diagrams which are not sensitive to
gauge-boson self interactions are suppressed. The W±W±jj process is therefore ideally suited for VBS
studies. Events with exactly two leptons, ` = e or µ, with the same electric charge, missing transverse
momentum induced by the neutrinos, and at least two jets with a large rapidity separation are selected
as candidate events [37]. The electroweak signal is extracted in a fit of simulated signal events and
estimated background yields to five bins of the dijet invariant mass distribution, separately for ee, eµ and
µµ final states and with positive and negative electric charge. The dijet invariant mass distribution of the
selected candidate events in the signal region is shown in Figure 15(a). The background from WZjj
production is constrained in a control sample selected with exactly three leptons and a normalisation
factor of 0.86± 0.07 (stat.)+0.18−0.08 (exp. syst.)+0.31−0.23 (mod. syst.) is obtained.
The selected W±W±jj candidate events show an excess of events with respect to the estimated
background. The background-only hypothesis is rejected with a significance of 6.5σ. The excess is
consistent with the electroweak W±W±jj signal for which a fiducial cross section of:
σfid.
W
±
W
±
jj-EW = 2.89
+0.51
−0.48 (stat.)
+0.24
−0.22 (exp. syst.)
+0.14
−0.16 (mod. syst.)
+0.08
−0.06 (lumi.) fb
is measured. The corresponding cross sections predicted by the Sherpa 2.2.2 [64] and PowhegBox +
Pythia8 [65] event generators are 2.01+0.33−0.23 fb and 3.08
+0.45
−0.46 fb, respectively [37].
***speaker: Philip Sommer on behalf of the ATLAS Collaboration
Copyright 2020 CERN for the benefit of the ATLAS Collaboration. Reproduction of this section or parts of it is allowed as
specified in the CC-BY-4.0 license.
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Fig. 15: Dijet invariant mass distributions for electroweak W±W±jj production in the signal region. (a) Events
selected in data are compared to the estimated signal and background contributions [37]. Systematic uncertainties
are shown as a hatched band. The signal has been simulated with Sherpa 2.2.2. (b) Differential fiducial cross
sections normalised to unity are shown for various event generators [63]. Due to a non-optimal colour flow setting
in Sherpa, the total cross section significantly differs from that of Powheg or MG5_aMC@NLO.
Whilst the prediction from PowhegBox+Pythia8 agrees well with the measurement, the prediction
from Sherpa 2.2.2 is approximately 30% lower. This can be explained by a non-optimal colour-flow
setting for the parton shower in Sherpa 2.2.2 in VBS diagrams which leads to an excess of central jet
emissions. Since for W±W±jj production a multi-leg configuration is used, these effects are partially
mitigated. At the same time, this multileg configuration causes a significant underestimation of the total
cross section. Comparisons of theoretical predictions with various configurations of event generators
and parton-shower programs [63] show that Sherpa 2.2.2 differs by up to 40% in the tails of the
dijet invariant mass distribution from predictions using PowhegBox+Pythia8 and MG5_aMC@NLO [3], as
shown in Figure 15(b). The comparison of Sherpa 2.2.2 with PowhegBox+Pythia8 shows the largest
difference. Using the bin boundaries of the analysis, the differences are of the same size or smaller than
the statistical uncertainties in the data. Within the modelling uncertainties derived using the dependence
of the Sherpa 2.2.2 prediction on renormalisation and factorisation scales, different PDF sets, and
variations of the matching and resummation scales in the combination of the matrix element with the
parton shower, no significant effect was found in the measured cross section.
2.1.c Observation of electroweak WZjj production
The combined strong and electroweak production of WZjj, with the W and Z boson decaying to lep-
tons, is measured in a fiducial phase space enriched in events from electroweak production [36]. Three
leptons, missing transverse momentum induced by a neutrino, and two jets are required. Two of the lep-
tons are required to have the same flavour, opposite electric charge, and an invariant mass consistent with
a Z boson, and the other, together with the neutrino, is required to form a transverse mass consistent
with a W boson. Additional kinematic regions are used to constrain the background from ZZjj and
tt¯V production, and the strong production process. As in the measurement of W±W±jj production, a
significant overestimation of the strong WZjj production in simulation is observed and a normalisation
factor of 0.56 ± 0.16 is obtained in the fit. The combined electroweak and strong WZjj production
cross section is measured to be:
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Fig. 16: Differential pp → WZjj cross-sections as a function of the transverse mass of the WZ system,
mT(WZ) (left), and the azimuthal separation of the two jets, ∆φjj (right) measured in data. The measurements are
compared to theoretical predictions from Sherpa 2.2.2, separated into strong (QCD) and electroweak production
(EWK) as well as the sum of both, and have been scaled by normalisation factors obtained in a fit to measure the
electroweak production [36].
σfid.WZjj-QCD+EW = 1.68± 0.16 (stat.)± 0.12 (exp. syst.)± 0.13 (mod. syst.)± 0.044 (lumi.) fb.
In addition, differential cross sections of the combined strong and electroweak production are measured.
They allow comparisons of generator level studies of perturbative QCD, electroweak corrections or the
presence of anomalous gauge couplings. The result depend only minimally on assumptions due to the
classification into strong and electroweak production or their interference. As examples, the measured
differential cross sections as a function of the WZ transverse mass and the azimuthal separation of the
two jets are shown in Figure 16. Differential cross sections for five other dijet or diboson quantities have
also been measured.
The ratio of strong and electroweak production is predicted to be much larger in WZjj than
in W±W±jj production. To separate the strong and electroweak production, a BDT discriminant is
optimised using fifteen variables related to the kinematic properties of the jets, the diboson system and
combined jet–diboson variables. It is shown in Figure 17 in the region enriched in strong production
and in the fiducial phase space. The simulation of the strong production is found to model the BDT
discriminant well after the normalisation has been corrected. The electroweak signal is extracted in a
fit to the BDT discriminant and the background-only hypothesis is rejected with a significance of 5.3σ
where a significance of 3.2σ are expected. The excess corresponds to a fiducial electroweakWZjj cross
section of:
σfid.WZjj-EW = 0.57
+0.14
−0.13 (stat.)
+0.05
−0.04 (exp. syst.)
+0.05
−0.04 (mod. syst.)± 0.01 (lumi.) fb
compared to 0.32± 0.03 fb predicted by Sherpa 2.2.2.
Since the simulation of the electroweak signal process does not include additional partons in
the matrix element, the analysis is more sensitive to the effects of the colour flow configuration in
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Fig. 17: Distributions of the BDT discriminant used to extract the signal in the measurement of electroweak
WZjj production. The BDT is optimised using fifteen kinematic variables. The distribution is shown in a phase
space dominated by strong WZjj production (left) and in the fiducial phase space region (right). The events
selected in data are shown with the estimated signal and background contributions. Systematic uncertainties are
shown as a hatched band [36].
Sherpa 2.2.2. The difference of the BDT distribution simulated with Sherpa 2.2.2 and MG5_aMC@NLO [3]
is therefore included as a systematic uncertainty in the modelling of the simulated signal events in the
measurement.
2.1.d Search for electroweak diboson production in semileptonic decays
Analyses of the semileptonic decay of gauge boson pairs reach higher event yields and a higher energy
compared to the fully leptonic decay. The study of such decays for a diboson system produced in associ-
ation with two additional jets have been conducted as well, where the leptonically decaying gauge boson
is reconstructed from two neutrinos (Z → νν), one charged lepton and one neutrino (W → `ν), or two
charged leptons (Z → ``) [66]. The hadronically decaying gauge boson is reconstructed from either
one jet reconstructed with the anti-kt algorithm and radius parameter R = 1.0, or two jets reconstructed
with radius parameter R = 0.4. Jets reconstructed with R = 1.0 are further classified into high- and
low-purity candidates using jet substructure variables. If no such jet can be found, two R = 0.4 jets are
selected instead. In addition, two high-pT jets reconstructed with R = 0.4 produced in association with
the diboson system are required in all categories.
The primary source of background in these events is V +jets production where a single gauge-
boson is produced in association with jets from initial state radiation. Another large source of background
is top quark production. The V +jets background contributions are constrained in dedicated kinematic
regions, one for each of the nine signal regions. Background from top quark production can be signifi-
cant for 1-lepton final states since top quark pair production involves twoW bosons. A dedicated control
sample is defined for this background, as well. The data events observed in every signal category and ev-
ery control sample are shown in Figure 18(a) with the estimated background contributions. Respectively
0.5%, 1% and 3% of the selected data are expected to originate from electroweak V V jj production if
two R = 0.4 jets, a low-purity R = 1.0 jet or a high-purity R = 1.0 jet are selected.
The signal is extracted in a fit to BDT discriminants where a separate BDT is optimised for every
combination of lepton final state, and for jets reconstructed with R = 1.0 and R = 0.4. If the vector
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Fig. 18: (a) Event yields in 21 kinematic phase space regions used in the analyses of semileptonic V V jj produc-
tion. The selected data are shown with the estimated contributions from background and the electroweak V V jj
signal. The ratio of the yield in data and the sum of the estimated signal and background contributions, and the
sum of the signal and background yields estimated in the fit and predicted from simulation are shown in the lower
pads. The labels L0, L1 and L2 on the x-axis indicate the number of leptons selected and whether the region is
primarily defined to extract the signal (SR) or constrain the background (CR) [66]. (b) Ratio of the measured and
theoretical cross sections in 0-lepton, 1-lepton and 2-lepton final states, and for the combination of the three final
state [66]. The theoretical prediction is obtained from MG5_aMC@NLO.
boson is reconstructed as a single jet with R = 1.0, the BDT discriminant is optimised using nine
variables, four variables and eight variables in 0-lepton, 1-lepton, and 2-lepton final states, respectively.
In case the vector boson is reconstructed as two jets withR = 0.4, a larger number of variables is used to
isolate the electroweak signal, with 13, 16 and 16 variables used in 0-lepton, 1-lepton, and 2-lepton final
states, respectively. Differently from the BDT used for theWZjj study discussed in Section 2.1.c, many
variables related to the kinematics of individual leptons and jets are used, as well as variables related to
the properties of the R = 1.0 and R = 0.4 jets. In particular, variables discriminating quark and gluon
jets are used to identify V → qq decays.
Distributions from all 21 different kinematic regions, shown in Figure 18(a), are combined in the
fit. The background-only hypothesis is rejected with a significance of 2.7σ where a significance of 2.5σ
is expected according to the theoretical prediction from MG5_aMC@NLO. A cross section of:
σfid.V V jj-EW = 45.1± 8.6 (stat.)+15.9−14.6 (syst.) fb
is measured in the combined fiducial phase space region, in agreement with 43.0±2.4 fb predicted by the-
ory. Fiducial cross sections are also reported for each final state individually. The ratio of the measured
and predicted cross sections for 0-lepton, 1-lepton and 2-lepton final states is shown in Figure 18(b). The
largest individual sources of systematic uncertainties are related to the estimation of the V +jets back-
grounds. There is the possibility to improve some of these uncertainties in future measurements on a
larger dataset.
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2.1.e Conclusions
Recent studies of vector-boson scattering in pp collision data, recorded in the years 2015 and 2016
with the ATLAS experiment at the LHC and corresponding to an integrated luminosity of 36.1 fb−1,
have been presented. The electroweak production of two electroweak gauge bosons in association with
two jets was observed in the W±W±jj and WZjj final states. These are amongst the processes with
the lowest cross section measured at the LHC to date. Subsequently, fiducial cross sections have been
measured. Results for the combined strong and electroweak WZjj production are presented in a phase
space enriched in VBS events, including differential cross sections. Electroweak diboson production
was also studied in the semileptonic decay mode and the background-only hypothesis was rejected with
a significance of 2.7σ. The reported measurements used a fraction of the full run-2 pp data amounting to
139 fb−1. Exploiting the full dataset will allow for more detailed studies of vector-boson scattering, e.g.
by making additional, more elusive final states experimentally accessible.
2.2 Recent CMS results in VBS†††
2.2.a Introduction
The CMS Collaboration put in place a large effort to cover all channels sensitive to the vector boson
scattering (VBS). Arriving to the observation of the VBS is a long journey, but it has finally started
and the first milestones of the path have been posed: the first measurement and observation of the elec-
troweak production of vector bosons and jets. However, we just scratched the surface that covers the
processes which are sensitive to the most intimate part of the electroweak symmetry breaking (EWSB),
the acquisition of the longitudinal degree of polarization of the massive electroweak bosons.
I presented three analyses that targeted the observation of the electroweak production of dibosons
in association with jets, pp→ZZjj→ 4`jj [67], pp→ W±W±jj→ `±`±ννjj [68], and pp→WZjj→
3`νjj [69], and an analysis searching the evidence of anomalous quartic gauge couplings, using the
channels pp→ZVjj→ 2`jjjj and pp→WVjj→ `νjjjj [70]. In all cases, ` = e, µ and the data set cor-
responds to an integrated luminosity of 35.9 fb−1 (LHC Run II, 2016 data only). The measured cross
sections are among the smallest measured so far in a collider experiment (Fig. 19). The description of
the CMS detector can be found in Ref. [71].
2.2.b Search for VBS in fully leptonic ZZ+jets final state
In this analysis [67] we search for two pairs of same-flavor opposite-sign leptons that have an invariant
mass between 60 and 120 GeV. The leptons must be isolated, prompt and satisfy minimal kinematic cuts:
pT > 7 GeV and |η| < 2.5, or pT > 5 GeV and |η| < 2.4, for electrons and muons, respectively. Events
are considered only if there are at least two jets (reconstructed with the anti-kT algorithm [73], with a
distance parameter of 0.4) with a transverse momentum larger than 30 GeV. This is the analysis with
the cleanest experimental signature of the set: the instrumental background, where jets are misidentified
as leptons, is very low, and all kinematic variables can be directly measured. However, the total cross
section is very low compared both to the other VBS channels and, most importantly, to the processes
that produce two Z bosons and two jets via diagrams of order α2s . Understanding this background is
therefore paramount. CMS developed a dedicated analysis [74] to measure differential cross sections
in the observables related to the hadronic properties of the process. To enhance the sensitivity of the
analysis, the signal is extracted using a boosted decision trees technique, training it with seven variables.
This results in an observed significance of 2.7 standard deviations (σ), with an expectation of 1.6 σ.
Figure 20 shows the output of the boosted decision tree (BDT) used to extract the signal in a QCD-
induced jets control region (left) and in the full search region (right).
†††speaker: R. Bellan
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Fig. 19: CMS cross section measurements summary [72].
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Fig. 20: Distribution of the BDT output in the control region obtained by selecting ZZjj events with mjj < 400
GeV or |∆ηjj | < 2.4 (left) and for the full search region (right) [67]. Points represent the data, filled histograms
the expected signal and background contributions.
2.2.c Search for VBS in fully leptonic W±W±+jets final state
This is the first analysis that observed the electroweak production of two electroweak vector bosons in
association with two jets [68]. The analysis strategy is based on the search for two charged leptons with
a transverse momentum of at least 25 GeV (leading) and 20 GeV (sub-leading). Events are considered
if there are two jets with at least 30 GeV of pT , the two highest-pT jets form an invariant mass larger
than 500 GeV, |∆ηjj | > 2.5, and for each lepton Z∗l = |ηl − (ηjet,1 + ηjet,2)/2|/|∆ηjj | < 0.75. Events
with additional leptons are vetoed, as well as events with less than 40 GeV of missing transverse energy.
Despite the presence of neutrinos escaping detection, the channel is very clean, because the final state
with two same-sign charged leptons is rare in the standard model. The signal is extracted via a 2D-
template fit of the invariant masses of the dijet and the dilepton systems. The final result brought to the
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observation of the process, with an observed significance of 5.5 σ (5.7 σ expected). Figure 21 shows the
shape of mjj and mll observables.
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Fig. 21: Distributions of mjj (left) and mll (right) in the signal region of the W
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statistical and systematic uncertainties from the predicted yields.
2.2.d Search for VBS in fully leptonic WZ+jets final state
In this analysis [69] we search for exactly three charged leptons with a pT larger than 25 and 15 GeV,
if the leptons have been associated to the decay of the Z boson, or larger than 20 GeV if the lepton
has been judged to come from the W decay. Events are accepted if there are at least two jets with 50
GeV of pT , the two highest-pT jets form an invariant mass larger than 500 GeV, |∆ηjj | > 2.5, and
η∗3l = |η3l− (ηjet,1+ηjet,2)/2| < 2.5. In the analysis we both measure the QCD+EW contribution to the
WZ+jets cross section and the EW only component, which is approximately 38% of the previous. The
extraction of the EW cross section only is done via a 2D-template fit of mjj and ∆ηjj . The observed
significance is 2.2 σ, with an expected significance of 2.5 σ. Figure 22 shows the post-fit yields in the
signal region in bins of mjj and |∆ηjj |.
2.2.e Search for aQGC in semileptonic ZV and WV + jets final state
The CMS Collaboration designed a dedicated analysis [70] to search for anomalous quartic gauge cou-
plings. In the analysis we make use of aggressive cuts to highly suppress the background. The hadroni-
cally decaying vector boson is reconstructed only in a boosted topology, where the product of the decay
are reconstructed as a unique jet, using the anti-kT algorithm with a distance parameter R=0.8 [70]. The
tag jets, taken as the two which form the dijet system with the highest invariant mass, are required to
have mjj larger than 800 GeV, |∆ηjj | > 4. A detailed description of the cuts can be found in Ref. [70].
The results of the analysis does not show any excess with respect to the standard model prediction, thus
the most stringent limits, so far, on dimension-8 operators in an effective field theory framework [75,76]
have been placed. Figure 23 shows the summary plots for the anomalous quartic gauge couplings search.
2.2.f Conclusions
The CMS Collaboration explored several VBS-like final states using 2016 LHC data. So far, we have
observed the electroweak production of two same-sign W and two jets, an hint of the production of the
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ZZ+jets and WZ+jets through electroweak processes. The phase space used to evaluate the fiducial cross
sections is not homogeneous among all the analyses; on this point the VBSCan community should give
a clear prescription on how to define the fiducial regions, which should serve as a common ground for
all VBS analyses of the ATLAS and CMS Collaborations.
Detailed results on VBS with the CMS detector can be found in Ref. [72].
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Fig. 23: 95% confidence level limits on dimension-8 transverse parameters from the ATLAS and CMS Collabo-
rations [72].
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Chapter 3
Experimental Techniques
3.1 EFT Combination status report‡‡‡
The Effective Field Theories emerge as the tool to look for deviations from the Standard Model (SM).
They are a low energy parametrization for unknown physics that can become reachable at very high
energy. The experimental approach is to associate EFT Dimension-6 and Dimension-8 operators to
vertices in form of anomalous couplings, that can be Triple Gauge Couplings (TGCs) or Quartic Gauge
Couplings (QGCs). So far, there is no theoretical model that includes both Dimension-6 and Dimension-8
operators, the aim is to study individually the effect of Dimension-6 and Dimension-8 operators. In both
cases, the EFT parameters limits will be combined between various experimental signatures, between
various operators and finally between ATLAS and CMS experiments.
In order to extract combined limits, the strategy is to use published data from ATLAS and CMS
(HEPData entries) starting from fully leptonic channels, produce EFT Monte Carlo (MC) predictions
and proceed to the reinterpretation of the data by setting limits and combining the results.
Current status of Dimension-6 Operators Combination Plan
The model that is used for the Dimension-6 operators is SMEFTSim. The Dimension-6 operators’ co-
efficients can be constrained by measuring diboson and VBS processes. The first relevant operators that
are tested are the following: CHD, CH, CW , CHB, CHW , CHWB, Cll, CHl
(1), CHl
(3),CHq
(1),
CHq
(3), CHe, CHu, CHd. The initial step is to define the experimental signatures that are going to be
used. The first candidates are the diboson and VBS channels: ZZjj, WZjj, ssWWjj, osWW. The second
step is to define the operators that can be constrained in each process. Thus, sensitivity studies in various
experimental signatures and phase spaces need to be performed. Since there are no older limits in the
Warsaw basis, the sensitivity should be defined by testing the effect of the change of the EFT parameters
on the cross section and by testing the kinematics’ shapes sensitivity to the change of the EFT parameters.
A test on the WZjj sensitivity has been performed, by generating 1000 events using SMEFTSim, with
the U(3)5 flavour symmetric model and the α scheme. In order to test the effect of each EFT parameter
on the SM prediction, all operators are set to zero but the one under study that is set to 3.
Current status of Dimension-8 Operators Combination Plan
The aQGCs can be parametrized in terms of Dimension-8 operators, by the assumption that the Dimension-
6 can already be constrained elsewhere. The EFT parameterization from Eboli, Gonzales-Garcia models.
The goal is to combine Dimension-8 EFT parameters limits in ATLAS and CMS across various VBS
channels, by using only published data. In order to restore unitarity at large
√
s, the clipping method will
be used, by setting the anomalous signal contribution to zero for
√
s > Ec, while the data and the back-
ground contributions remain unchanged. The steps to be taken now are the Monte Carlo production and
the limit setting and combination of the results. The Dimension-6 operators’ effect on the Dimension-8
Lagrangian should also be taken into account.
In summary, there is an ongoing effort for the EFT parameters limits’ combination for Dimension-6
and Dimension-8 operators. The sensitivities of the operators have been tested and the plan is to move
on to the EFT MC production and finally the statistical interpretation of the results.
‡‡‡speaker: D. Sampsonidou
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Fig. 24: Effect of the EFT coefficients to the SM cross section.
3.2 Dimension-6 EFT for electroweak analyses§§§
3.2.a Introduction
The main goals of the Effective Field Theory (EFT) effort within the WG3 are to:
– Provide dimension-6 (dim. 6 ) parametrisations for the family of VBS signal and background pro-
cesses (single boson and diboson productions, vector boson fusion).
– Provide a clear recommendation for other groups to be able to generate and compare with their
own productions.
– Identify the most interesting operators and bins for the search of dim. 6 effects.
– Integrate these studies with the LHC electroweak working group (LHC-EWWG). In order to be
able to compare these leading order (LO) EFT predictions with the set of next-to-leading (NLO)
SM predictions for the electroweak (EW) sector.
3.2.b EFT basis
The basis adopted for this study is the so-called “Warsaw basis” [54]. In particular we adopt the operator
classification and labeling used in [77].
– Operators affecting triple and quartic gauge couplings directly (classes 1 and 4):
OW = IJKW νIµ WµJρ W ρKν
OHW = H†HW IµνWµνI
OHWB = H†τ IHW IµνBµν
as well as their CP-odd counterparts, {O
W˜
,O
H˜W
,O
H˜WB
,O
H˜W
}
– Operators affecting gauge-quark and gauge-lepton vertices
– Class 6 (dipole operators):
{OeW ,OeB,OuW ,OuB,OdW ,OdB}
§§§speaker: R. Gomez-Ambrosio
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They all contribute to the gauge-fermion vertices, but due to their tensor structure they don’t
interfere with the SM, only with the EFT. These operators should be taken into account when
generating dim. 6 quadratic terms or comparing with dimension-8 (dim. 8 ) predictions.
– Class 7:
{O(1)H`,O(3)H`,OHe,O(1)Hq,O(3)Hq,OHu,OHd,OHud}
All of the class-7 operators contribute in one way or another. Either through the gauge-
lepton coupling in the final decay process, or through the gauge-quark couplings that lead to
the vector boson scattering interaction.
– Four-fermion operators
– The four-fermion operators are likely to play an important role in this process, since it has
two quarks in the initial state and two more in the final state, as well as four leptons.
q
l1
l2
l3
l4
q
q
a
qb
Fig. 25: Some examples of four-fermion vertices entering the VBS process.
3.2.c Building the amplitude
Part of the combination effort relies on a precise definition of the EFT amplitudes and cross sections
σEFT = (A∗EFT )× (AEFT ) (18)
where AEFT has to be defined, for example for two dim. 6 operators {O(6)1 ,O(6)2 },
A(6)EFT = ASM +
c
(6)
1
Λ2
(A1,6) +
c
(6)
2
Λ2
(A2,6)
if we further add dim.8 operators, {O(8)1 ,O(8)2 },
A(8)EFT = A(6)EFT +
c
(8)
1
Λ4
(A1,8) +
c
(8)
2
Λ4
(A2,8)
putting all pieces together,
|AEFT |2 =|ASM |2 +
c
(6)
1
Λ2
2
(A∗1,6ASM)+ c(6)2
Λ2
2
(A∗2,6ASM)+ (19)
+
|c(6)1 |2
Λ4
|A1,6|2 +
|c(6)2 |2
Λ4
|A2,6|2 + +
c
(8)
1
Λ4
2
(A∗1,8ASM)+
+
c
(8)
2
Λ4
2
(A∗2,8ASM)+ |c(8)1 |2
Λ8
|A1,8|2 +
|c(8)2 |2
Λ8
|A2,8|2
in case the {c(6)} and {c(8)} coefficients are of the same order of magnitude, some of the dimension six
and eight terms could be of comparable size.
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3.2.d Combining dim. 6 and dim. 8 predictions
Effective Field Theory parametrisations for VBS are often done in terms of a particular dim. 8 basis.
This basis, presented in [76] was originally formulated as “the set of EFT operators that generate quartic
gauge couplings, without generating triple gauge couplings” and it relies on different assumptions to the
dim. 6 Warsaw basis: it does not assume the SM symmetries and gauge invariance, and hence contains
vertices such us ZµZνZρZσ, not allowed by the SM.
For this reason, it is first necessary to find a complete basis, with both dim. 6 and dim. 8 operators,
built on some well defined assumptions. The techniques to build such a basis have been described for
example in refs. [78, 79].
3.2.e EFT for the EW sector
Until the “dim. 6+8” basis is defined, we can work on getting a full parametrisation of the electroweak
sector in terms of dim. 6 operators. We classified our processes in different classes :
Class A: Diboson Production
A1: WW A2: WZ A3: ZZ
A4: Wγ A5: Z(``)γ A6: Z(νν)γ
Class B: VBS
B1: ssWW B2: Zγjj B3: ZZjj
B4: Wγjj B5: osWW B6: γγWW
Class C: VBF
C1: Zjj C2: Wjj
By parametrizing these 12 processes we could set bounds (ideally) to about 12 EFT operators. Moreover,
if we identify different observables and phase space regions that have different operator dependencies,
we can improve the number of constrains. For example, with:
µσ =
σZZ,V BS
σZZ,SM
= 1 + a0 · cW + b0 · cHW + d0 · cHWB + . . .
and,
µpT =
pT (j1)
pT (j1)SM
∣∣∣∣∣
bin3
= 1 + a1 · cW + b1 · cHW + d1 · cHWB + . . .
and,
µMM =
M(Z1Z2)
M(Z1Z2)SM
∣∣∣∣∣
bin3
= 1 + a2 · cW + b2 · cHW + d2 · cHWB + . . .
we can solve the equation system: µσµpT
µMM
 =
a0 b0 d0a1 b1 d1
a2 b2 d2
 cWcHW
cHW
 (20)
where {a0, . . . d2} are the coefficients we have extracted numerically from our Monte Carlo (MC) stud-
ies. The fitting technology should be designed in such a way that is relatively easy to replace those
coefficients in the future as the theoretical understanding and the MC productions improve.
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3.2.f Generating Numerical Predictions
For the generation of MC Samples we use Madgraph 5 [7]. It would be relevant to repeat this study
using SHERPA [80], since this is the main generator used for the study of these channels in ATLAS. As
a UFO model, we use SMEFTsim [81]. We are currently exploring the possibility of migrating to the
SMEFT@NLO model, that can also accommodate QCD corrections.
Further technical details to take into account are the choice of input parameter set (IPS), the choice
of lepton and quark masses, and the choice of flavour symmetries:
1. We use the IPS with {mw,mz, GF }, so-called mW scheme, available in both the SMEFT@NLO and
the SMEFTsim packages. The latter also implements the “alpha scheme”, with {α,mz, GF }. A
more convenient scheme would be the one with {α,mz,mw}, since it minimizes the number of
operators entering the Lagrangian shifts, see for example ref. [82]. The most relevant scheme to
be used should be judged case by case, as the one that matches the available experimental results
and ongoing searches.
2. We assume the quarks and leptons to be massless, with vanishing Yukawa couplings. The effects
of the bottom quark masses in initial state should not be neglected [83], but that is, for now, beyond
our scope.
3. We work in the flavour symmetric model, where the CKM matrix is diagonal and no EFT operator
connects different generations.
3.2.g Constraints available from previous fits
Some bounds from Higgs and diboson production have been derived in previous publications, such as
[84]. Triple gauge couplings were broadly studied at LEP experiments and EFT fits of the LEP data are
also available [85].
When comparing with such results it is important to make sure of the definition of the Wilson
coefficients, since different nomenclatures have been used in the literature:
LSMEFT − LSM = c¯iOi ≡
c˜i
Λ2
Oi ≡ ci
v2
Λ2
Oi (21)
The last term is the one implemented in the available UFO models, whereas the first one is the one
usually reported in the fits. For example, by generating numerical predictions for Monte Carlo values of
{[c = 1− 4pi] , [Λ = 3− 5TeV]} we should compare with results reported in the fits as,
c¯ =
c · v2
Λ2
=
{
1 · 0.06
9
,
4pi · 0.06
9
,
1 · 0.06
25
,
4pi · 0.06
9
}
≈ {2 · 10−4 − 0.08} (22)
3.2.h Conclusions
With this work, we aim to provide a comprehensive recommendation for theorists and experimentalists
to be able to generate MC samples to parametrize EFT effects in the different analyses of the LHC Run-2
dataset.
A precise prediction should parametrize cross-sections and differential distributions, possibly in-
cluding quadratic and cross-quadratic terms as well as the linear interferences. A dim. 8 basis relying on
the same assumptions as the dim. 6 ones (gauge invariance, SM symmetries) is also desirable.
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